The octanol-air partition coefficient ͑K OA ͒ is a key physicochemical parameter for describing the partition of organic pollutants between air and environmental organic phases. Experimental determination of K OA is costly and time consuming, and sometimes restricted by lack of sufficiently pure chemicals. There is a need to develop a simple but accurate method to estimate K OA . In the present study, a fragment constant model based on five fragment constants and one structural correction factor, was developed for predicting log K OA at temperatures ranging from 10 to 40°C. The model was validated as successful by statistical analysis and external experimental log K OA data. Compared to other quantitative structure-property relationship methods, the present model has the advantage that it is much easier to implement. As aromatic compounds that contain C, H, O, Cl, and Br atoms, were included in the training set used to develop the model, the current fragment model applies to a wide range of chlorinated and brominated aromatic pollutants, such as chlorobenzenes, polychlorinated naphthalenes, polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins and dibenzofurans, polycyclic aromatic hydrocarbons, and polybrominated diphenyl ethers, all of which are typical persistent organic pollutants. Further study is necessary to expand the utility of the method to all halogenated aliphatic and aromatic compounds.
Introduction
The octanol-air partition coefficient ͑K OA ͒, defined as the ratio of solute concentration in air versus octanol when the octanol-air system is at equilibrium, has been used extensively for describing the partitioning of organic compounds between air and terrestrial organic phases that may include organic carbon in soil, [1] [2] [3] the waxy cuticle and lipid portion of vegetation, [4] [5] [6] the organic film of atmosphere particulate matter, 7, 8 and even indoor carpet. 9 K OA has strong temperature dependence, 10 which can be described by log K OA = A + ⌬H OA
2.303RT , ͑1͒
where A is the intercept; ⌬H OA is the enthalpy change involved in octanol to air transfer of a chemical; R is the ideal gas constant, and T is absolute temperature. This temperature dependence is very important for assessing the potential long-range transport of persistent organic pollutants ͑POPs͒.
11 K OA was shown to be a key physicochemical property pertinent to the long-term arctic contamination potential of POPs, and relatively volatile ͑log K OA Ͻ 9͒ and water soluble substances are subject to transport to the arctic regions. 12 In 1995, Harner and Mackay 10 measured K OA values of selected chlorobenzenes ͑CBs͒, polychlorinated biphenyls ͑PCBs͒, and p,pЈ-DDT by a newly developed generator column method. Using the same method K OA values were later determined for more PCBs, 13 polycyclic aromatic hydrocarbons ͑PAHs͒ and polychlorinated naphthalenes ͑PCNs͒, 2 polychlorinated dibenzo-p-dioxin/dibenzofurans ͑PCDD/ Fs͒, 14 polybrominated diphenyl ethers ͑PBDEs͒, 1 and organochlorine pesticides ͑OPs͒. 15 CBs, PCBs, PCDD/Fs, PBDEs, OPs, and many PAHs are typical POPs for which the environmental levels and behavior are research focus of scientists worldwide. Gas chromatographic ͑GC͒ retention, [16] [17] [18] [19] fugacity meter methods, 20 solid-phase microextraction ͑SPME͒, 21 and head-space gas-chromatographic ͑HS-GC͒ measurements 22 were also developed for K OA determination. However, these experimental methods usually need special equipment, sufficiently pure chemicals, a great deal of expendables, and time, which cannot meet the needs for environmental fate assessment of the ever-increasing number of POPs.
K OA can also be estimated from the octanol-water partition coefficient ͑K OW ͒ and Henry's law constant ͑H͒. There is, however, a possible error inherent in this estimation in addition to the obvious combination of the measurement errors in K OW and H. 1 This method is also restricted by the lack of K OW , H, and their temperature dependence data for many organic pollutants. 1 It is thus preferable to determine or estimate K OA directly. Chen et al. [23] [24] [25] [26] developed a series of quantitative predictive models for estimating K OA using theoretical molecular structural descriptors including quantum chemical descriptors. Nevertheless the predictive models look complex due to the quantum chemical computations and thus are not convenient for practical estimation.
An alternative approach for developing predictive models of K OA is the fragment constant method, which is based on the assumption that a property of organic compounds is dependent on the presence of some fragments, each of them making a contribution into it. 27 According to Leo, 28 a fragment refers to an atom, or atoms, whose exterior bonds are to isolating carbon atoms, and an isolating carbon is one that either has four single bonds, at least two of which are to nonheteroatoms or is multiply bonded to other carbon atoms.
The only input necessary for this approach is the chemical structures.
Furthermore, the method has good interpretability. 27 The fragment constant method has been successfully used to predict physicochemical properties including K OW , 29 organic carbon normalized sorption coefficients for soils or sediments, 30 bioconcentration factors, 31 median effective concentrations, 32 vapor pressure and activity coefficients in water and octanol, 33 boiling points, 27 and retention indices. 27 K OA is a free-energy based parameter that should be dependent on the structure of a chemical in an additive-constitutive fashion. 34 The purpose of this study is to develop predictive models for K OA of POPs such as chlorinated and brominated aromatic pollutants using the fragment constant method.
Experimental Techniques for K OA Determination and the Available Data
The experimental methods used for the measurement of K OA can be classified as direct and indirect. The generator column method, fugacity meter measurements, SPME and HS-GC measurements are direct methods for determination of K OA . The generator column and fugacity meter methods are applicable to semivolatile compounds. So far most of the K OA and its temperature-dependence data have been determined using the generator column method.
1,2,10,13-15 The fugacity meter measurement, 20 a method similar to the generator column method, was used to determine K OA values of ten PCB congeners at 25°C. The SPME method was once used to determine K OA values for hydroxy alkyl nitrates, 1,2-dichlorobenzene and phenanthrene at 25°C. 21 The HS-GC measurements tend to be limited to fairly volatile organic compounds, which were used for K OA determination of 74 volatile hydrocarbons at 25°C. 22 The direct methods are time consuming, especially at low temperatures, and involve several analytical steps, such as the extraction of the traps, concentration of analytes, and quantification against a calibration curve, which have the potential to introduce errors to the measured K OA value. 16 Thus the relative GC retention index method was developed to determine K OA indirectly for semivolatile organic compounds. For example, Wania et al. 16 and Lei et al. 19 used GC retention time method to determine K OA values for PCBs, PCNs, and PBDEs, 16 and polyfluorinated sulfonamide, sulfonamidoethanols, and telomere alcohols. 19 The prerequisites of these GC methods are the knowledge of the temperaturedependent K OA of a standard reference compound and directly measured K OA values at one temperature for a sufficient number of calibration compounds. 16 Thus the accuracy of the indirect K OA determination method rests with the data quality of the reference or calibration compounds. Errors from the reference or calibration compounds may lead to systematic errors for the indirectly determined K OA values.
Development of the Fragment Constant Method

Training and Validation Data Set
The training set was selected based on the following rules: The K OA values were directly measured; the temperature dependence data for K OA are available; and, only the halogenated aromatic compounds ͑persistent organic pollutants͒ are considered in the current study. To develop predictive models covering aliphatic compounds and especially halogenated aliphatic compounds that are of importance in environmental studies, more directly determined K OA and its temperature dependence data, in addition to the 74 values for volatile hydrocarbons at 25°C, 22 are required. As a result, only the K OA values directly determined by the generator column method were selected in the training set. The training set includes 238 log K OA values at four typical environmental temperatures ͑10, 20, 30, and 40°C͒, corresponding to 72 compounds including CBs, 10, 15 PCBs, 10, 13 PAHs, 2 PCNs, 2 PCDD/Fs, 14 and PBDEs. 1 These data have been widely used in environmental behavior assessment of POPs. [4] [5] [6] [7] [8] [9] 35, 36 As the experimental log K OA values for four PBDE congeners, PBDE-153, PBDE-154, PBDE-156, and PBDE-183 were identified as outliers in previous studies, 23,37 they were not included in the training set.
The K OA values determined by other methods except the generator column method were included in the validation set, which includes log K OA values for ten distinct PCB congeners at 25°C determined by Kömp and McLachlan 20 using fugacity meter measurements, for 104 PCBs at 20°C determined by Zhang et al. 17 using a multicolumn method, for PCDD/Fs at 25°C extrapolated ͑I͒ and determined semiempirically from retention indices ͑II͒ by Harner et al., 14 for six CBs and 27 PCNs from 10 to 40°C determined by Su et al. 18 using the isothermal capacity factors, and for selected PCBs, PCNs, and PBDEs at 25°C determined by Wania et al. 16 employing the retention index method. Generally, these data are consistent with the corresponding values determined by the generator column method. For example, the difference between the PCB log K OA values measured by the generator 
OCTANOL-AIR PARTITION COEFFICIENTS 1367
column method 13 and the fugacity meter method 20 averaged 0.3 log units. 16 Deviations between the log K OA values of Wania et al. and those determined by the generator column method were on average 0.2 log units, and never larger than 0.55 log units. 16 In addition, statistically significant and precise correlations were reported between the log K OA values determined by the generator column method and the GC retention indices, as indicated by the squared regression coefficient ͑r 2 ͒ and standard deviation ͑SD͒. The r 2 values reported by Zhang et al. 17 and Su et al. 18 were in the range 0.980-0.997, and SD is in the range 0.007-0.220.
Fragmentation Method
According to Leo, 28 a single-atom fragment can only be an isolating carbon atom or a hydrogen or heteroatom ͑e.g., -H, -O-͒. A multiple-atom fundamental fragment is any combination of nonisolating carbon, hydrogen, and/or heteroatoms ͑e.g., -CH, -C-O-C-͒. 28 It is essential to guarantee that the fragments of a chemical must not be selected arbitrarily. Herein the compounds under study are substituted aromatic hydrocarbons. Thus three sets of fragment constants were put forward and evaluated for their significance in the model. The first set consists of single-atom fragment constants, f C ⌽ , f H ⌽ , f Cl ⌽ , f Br ⌽ , and f O ⌽⌽ , which stand for the corresponding atoms in an aromatic ring or bond to an aromatic ring. The superscript ⌽ indicates that all the fragments are in or bond to an aromatic ring, and when it is used twice, bond to an aromatic ring on two sides. The second and third sets of fragments consist of multiple-atom fragments. The second set includes , where the "joint C atom" in the second set was further classified as f C ** ⌽ that represents the "joint C atom" fragment bonding to aromatic C atom only. If the "joint C atom" in the second set bonds to an O atom, it is merged into the threeatom fragment constant f C * -O-C * ⌽⌽ .
Structural Correction Factors
Besides the constitutional effects characterized by the fragments, the effects of steric features on K OA should also be taken into consideration when characterizing compounds with a relatively complex structure. For POPs like PCBs, their properties and biological activities are quite different with respect to the coplanar or noncoplanar structures. [38] [39] [40] [41] [42] PCBs with chlorine atoms at the 2-, 2Ј-, 6-and 6Ј-positions are noncoplanar. [38] [39] [40] 42 The extent of noncoplanarity can be described indirectly with planarization energy, which means the energy difference between the coplanar and minimum energy conformations. 41 The planarization energy for PCBs as well as PBDEs with two or three halogen atoms at the 2-, 2Ј-, 6-, and 6Ј-positions is higher than those with naught or one halogen atom. 41, 42 The positioning of chlorine atoms in the 3-and/or 5-positions reduces the extent to which orthosubstituents can bend back at the equilibrium position, thus the dihedral angle between the rings is greater than if the 3-and 5-positions are not substituted. 43 So two structural correction factors, F 2, 6 and F 3,5 , were included to characterize the nonplanar steric effects. In addition, two structural correction factors, F ␣ and F ␤ , which denote the substituents at the ortho ͑␣͒ or meta ͑␤͒ positions, were screened to characterize the influence of halogen atoms for planar compounds like PCDD/Fs and PCNs. The number of occurrences ͑m j ͒ for the respective structural correction factor ͑j͒ is defined as the number of substituents at the specific positions. Examples are presented in Table 2 to illustrate how to count m j of the structural correction factors.
Model Development
log K OA of a compound with known structure can be calculated using the following equation:
where a and b represent the total number of the fragments and structural correction factors, respectively; n i and m j are the number of occurrence for the ith fragment and the jth structural correction factor; f i is the fragment constant for the ith fragment; and F j is the structural factor value for the jth structural feature. For the training compounds, values of n i and m j were available, thus multiple regression ͑MLR͒ was employed to estimate the values of f i and F j , by evaluating and using the most significant regression equations. In MLR, multicollinearity among the input variables may result in wrong signs and magnitudes of regression coefficient estimates that are the resulting f i and F j values in the current study. Thus the variance inflation factor ͑VIF͒, which measures how much the variance of the standardized regression coefficient is inflated by multicollinearity, was adopted to evaluate multicollinearity among the input variables. VIF for variable X k is defined as 
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where R k 2 stands for coefficient of determination for X k when it is predicted by the other independent variables included in the MLR equation. VIF values exceeding 10 are often regarded as serious multicollinearity. 44 The statistical significance of MLR models can be characterized by statistics such as the F statistic from the analysis of variance, standard errors ͑SE͒ of the estimated values, coefficient of determination adjusted by degree of freedoms ͑R adj 2 ͒, and the significance levels ͑p͒ that represent the probability of error that is involved in accepting an observed result as valid. Thus the higher the F and R adj 2 values, the higher is the significance of a model; the lower the SE value, the greater is the precision of the model; and the lower the p value, the higher is the reliability of the model.
Results
The Significant Fragment Set
To evaluate the significance and goodness of fit for the three sets of fragments, MLR analysis was performed using n i as independent variables only, at four typical environmental temperatures ͑10, 20, 30, 40°C͒. For brevity, only the statistical results at 20°C are listed Table 3 , which shows the three sets of fragments resulted in similar overall statistics, such as F statistic, R adj 2 , and SE. However for the first and second fragment sets, f O ⌽⌽ seems not statistically significant ͑p = 0.523͒, which may be due to the lower occurrence number of f O ⌽⌽ in the training molecules than other fragments. In addition, the VIF for f C ⌽ is as high as 262, and VIF for f C * ⌽ is 13.9, indicating strong multicollinearity between the independent variables included in the two MLR equations, which can lead to incorrect estimates of the fragment constants or parameter estimates are artificially statistically nonsignificant. Thus the first and second sets of fragments were excluded from the subsequent discussions. For the third fragment set, all the predictor variables are statistically significant ͑p Ͻ 0.001͒, and all the VIF values are lower than 10, implying that the third fragment set is the best one and overcomes the problem of multicollinearity and thus the values of the fragment constants are genuine.
The Structural Correction Factors
After the optimal fragment set having been selected, the structural correction factors were evaluated for their necessity in the modeling of K OA , using stepwise variable selection regression analysis. The t statistics for F 3,5 , F ␣ , and F ␤ are 0.60 ͑p = 0.55͒, 1.78 ͑p = 0.08͒, and 0.22 ͑p = 0.83͒, respectively, indicating that these structural correction factors are statistically insignificant. In the final regression model, all of the independent variables ͑five fragment constants of the third set and F 2, 6 ͒ are significant at the p Ͻ 0.001 level. Thus the third set of fragments together with F 2,6 is the best combination in explaining log K OA . Similar statistical analysis was performed for the other temperatures and other possible combinations between the fragment sets and the structural corrections, which gave a similar conclusion.
The Final Fragment Constant Model
The final statistical results based on the third fragment set and F 2, 6 , for the four environmental temperatures, are summarized in Table 4 , which shows that all the four regression results are statistically significant ͑p Ͻ 0.001͒. Figure 1 shows scatter plots of the observed versus fitted values of log K OA , which gives a visual impression of how strongly these two values are related. Quantitative assessment of the consistence can be described by the simple correlation coefficients ͑r͒ listed in Table 4 . As shown in Fig. 1 
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from 0.207 to 0.223, which are considerably lower than in a previous study, 23 where SE= 0.277 for a universal predictive model that included all the POPs under study and exploited many theoretical molecular descriptors as predictor variables. 23 The resulting f i and F j values together with their SE values at the four typical environmental temperatures are listed in Table 5 . The f CH ⌽ values are smaller than f CCl ⌽ and f CBr ⌽ , thus, with substitution of H atoms by Cl or Br atoms in a parent molecular structure, the log K OA values increase. The F 2, 6 values are negative, thus noncoplanar PCBs or PBDEs have much lower log K OA values and tend to partition into the air phase.
Temperature Dependence for f i and F j
Given the temperature dependence of log K OA expressed by Eq. ͑1͒, temperature dependence of f i or F j was investigated based on the following linear equation:
where s and q stand for regression parameters. The results are illustrated in Fig. 2 .
⌽⌽ , significant ͑p Ͻ 0.05͒ and strong ͑high s values͒ temperature dependences are observed. f CBr ⌽ has the highest temperature dependence among all the fragment constants. Generally f i decrease with the increase of temperature and the converse is true for F 2, 6 . The fact that log K OA values decrease with the increase of temperature 1,2,13,14 ͑i.e., in the same direction as f i ͒ indicates that the fragments play a larger role in governing the temperature dependence than the structural correction factor. Based on Eq. ͑4͒, f i and F j values at 25°C were estimated, which are listed in Table 5 too.
Evaluations on the Final Fragment
Constant Model
Residual Analysis for the Regression Models
The validity of the fragment constant models can be assessed by analysis of residuals. The residuals are the differences between the observed and predicted log K OA values. The purpose of residual analysis is to test whether the residuals are randomly and normally distributed, and whether significant descriptor variables have been neglected from the models. 44 The other statistics are the same as in 44 The D-W statistics for serial correlations of the residuals are summarized in Table 4 . All the D-W statistics are close to 2, indicating that the residuals for the consecutive observations are uncorrelated.
Although the lack of systematic trends in the residual plots suggests that the errors are randomly distributed, it does not demonstrate that the distribution is normal. This can be further verified by the histogram of residuals ͑Fig. 4͒, which plots the number of occurrence of the residuals versus the residuals. The bin width used to generate Fig. 4 was 0.090, and the total number of bins was 16. Figure 4 reveals a distinctive bell-shaped pattern associated with a normal distribution. Application of the Kolmogorov-Smirnov test for normality ͑at the 95% confidence level͒ confirms that the distribution shown in Fig. 4 is a normal distribution ͑mean = 0.000, SD= 0.214͒. Equivalent results were obtained for the residuals from the other environmental temperatures. The normal distribution of residuals implies that: ͑1͒ the residuals are nonsystematic, and ͑2͒ the fragment constants and structural correction factors are sufficient to explain the variance of log K OA values, which assures the validity of the fragment constant models as well as the multiple regression analysis.
Validation of the Fragment Constant Model
A full list of the POPs under study, their experimental and predicted log K OA values at different temperatures are given in Table 6 . At least 78% of the compounds in the validation set were not included in the training set. Table 6 presents results of the comparison and shows that the errors ͑log unit͒ are generally smaller than 0.25 for 75% of the compounds.
As shown by Fig. 5 that compares the experimental values in the validation set with those calculated by the fragment constant method, strong consistency exists between the two sets of values. Figure 6 plots the prediction errors defined as differences between observed and predicted log K OA values, versus the observed log K OA values in the validation set. Inspection of the plot reveals that more than 97% of the data points lie between −0.5 and 0.5 log units and are randomly scattered about zero. Mean absolute error and SD of the prediction errors are 0.180 and 0.221, respectively. The histogram of the predictive errors for the validation set was shown in Fig. 7 , for which the bin width was 0.094, and the total number of bins was 19. Application of the KolmogorovSmirnov test for normality ͑at the 95% confidence level͒ confirms that the distribution is normal. A modified jackknife test 46 was also performed for the compounds under study, which showed a high degree of robustness of the fragment constant method too. Thus the fragment constant method can predict log K OA at temperatures ranging from 10 to 40°C with success. In view of the scarceness of chemical standards for some POPs, the difficulty in experimental determinations, and the high cost involved in experimental determinations, the fragment constant method could serve as a fast, simple, and prior approach for calculating log K OA values.
Sample Calculations for K OA
A few sample calculations based on seven representative compounds for which the corresponding number of occurrence for fragments and structural correction factors are listed in Table 7 , are included to demonstrate how the chemicals were fragmented to derive the predicted results, as follows: 
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Conclusion
In summary, a fragment constant model was developed for predicting log K OA values at different environmental temperatures from 10 to 40°C, which requires information on molecular structures only. Compared with other quantitative structure-property relationship ͑QSPR͒ models, 23 the current model has superior predictive ability and is much simpler to use. Thus the fragment constant model is ideal for predicting log K OA for new aromatic compounds for which only limited data ͑such as molecular structures͒ is available. The current method can be used to predict log K OA for chlorinated and brominated aromatic compounds, such as CBs, PCBs, PCDD/Fs, PCNs, PBDEs, and PAHs at different environmental temperatures. It can be inferred from the residual analysis and the external validation that the predicted values may have an error of ±0.5 log unit. As only aromatic compounds were involved in the training set, the current fragment model cannot be used for prediction of aliphatic compounds that have complex steric structures such as hexachlorocyclohexanes and heptachlor. Further study is necessary to expand the utility of the method to all halogenated aliphatic and aromatic compounds. For this purpose, more experimental K OA data are necessary.
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